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Abstract

Water takes part in most physical processes that shape the mountainous periglacial landscapes and initiation of mass wasting.
An observed increase in rockfall activity in several mountainous regions was previously linked to permafrost degradation in
high mountains, and water that infiltrates into rock fractures is one of the likely drivers of these processes. However, there is
very little knowledge on the quantity and timing of water availability for infiltration in steep rock slopes. This knowledge gap
originates from the complex meteorological, hydrological and thermal processes that control snowmelt, and also the
challenging access and data acquisition in the extreme alpine environments. Here we use field measurement and numerical
modeling to simulate the energy balance and hydrological fluxes in a steep high elevation permafrost affected rock slope at
Aiguille du Midi (3842 m a.s.]), in the Mont-Blanc massif. Our results provide new information about water balance at the
surface of steep rock slopes. Model results suggest that only ~25% of the snowfall accumulates in our study site, the remaining
~75% are redistributed by wind and gravity. Snow accumulation depth is inversely correlated with surface slopes between 40°
to 70°. Snowmelt occurs between spring and late summer and most of it does not reach the rock surface due to the formation
of an impermeable ice layer at the base of the snowpack. The annual effective snowmelt, that is available for infiltration, is
highly variable and ranges over a factor of six with values between 0.05-0.28 m in the years 1959-2021. The onset of the
effective snowmelt occurs between May and August, and ends before October. It precedes the first rainfall by one month on
average. Sublimation is the main process of snowpack mass loss in our study site. Model simulations at varying elevations
show that effective snowmelt is the main source of water for infiltration above 3600 m a.s.l.; below, direct rainfall is the
dominant source. The change from snowmelt-dominated to rainfall-dominated water availability is nonlinear and characterized
by a rapid increase in water availability for infiltration. We suggest that this elevation of water availability transition is highly
sensitive to climate change, if snowmelt-dominated permafrost-affected slopes experience an abrupt increase in water input

that can initiate rock slope failure.
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1 Introduction

1.1. Water in high mountain periglacial rock slopes

Water plays a key role in the initiation of mass wasting in mountainous periglacial landscapes (French, 2017). Surface water
that infiltrates into fractures can transport heat by advection and lead to deep permafrost degradation with a thicker and earlier
development of the active layer as compared to pure heat conduction (Hasler et al., 2011; Magnin and Josnin, 2021; Gruber
and Haeberli, 2007). Water infiltration is also responsible for mechanical weakening of the rock (Krautblatter et al., 2013) and
ice-bonded discontinuities (Haeberli et al., 2010). In large fractures, moving water can create thawing corridors extending deep
into permafrost (Hasler et al., 2011). Percolation of water into the tunnels of the Aiguille du Midi (French Alps) cable-car
station, noticed every hot summer since the summer heatwave of 2003, is likely caused by this effect (Gruber and Haeberli,
2007). Accumulation of water in deep fractures can potentially result in a hydrostatic head high enough to exert sufficient
pressure to initiate failure (Fischer et al., 2010). Water is also an important driver of near surface weathering processes such
as frost cracking (Hallet et al., 1991; Hales and Roering, 2007) and acceleration of subcritical cracking over geological time
scales (Eppes and Keanini, 2017). However, despite the existing knowledge and ongoing research on water-related mechanical
processes in mountainous periglacial landscapes, little knowledge exists on the quantity and timing of water available for
infiltration in these environments. This knowledge is becoming increasingly needed with the fast warming of high mountain
regions, permafrost warming (Haeberli and Gruber, 2009), and the growing evidence for related increase in rockfall occurrence
(Gruber et al., 2004; Allen et al., 2009; Ravanel and Deline, 2011; Huggel et al., 2012; Ravanel and Deline, 2013; Ravanel et
al., 2017) as thawing corridors can contribute to the destabilization of large rock volumes, much more than expected in a purely
conductive system (e.g. Draebing et al., 2014).

This study is aimed to decipher surface moisture availability in steep mountain landscapes and to evaluate its role in surface
processes and permafrost degradation processes. To do so, we use a numerical energy balance model coupled with a state-of-
the-art snowpack scheme, forced by field measurements, to simulate the processes mentioned above and quantify the flux of

excess water that is available for infiltration.

1.2. Estimating snow accumulation and snowmelt on steep slopes

Precipitation in high mountains is composed mostly of snowfall (e.g. Naseer et al., 2019). We thus expect snow to be the main
source of water in high mountains. A significant portion of the snow that falls on steep slopes does not accumulate due to
redistribution by wind and transport by gravity (Sokratov and Sato, 2001; Mott et al., 2010). Previous studies suggested that
snow accumulation on steep rock slopes is inversely proportional to the slope angle and that above a certain slope angle, snow
does not accumulate (Sommer et al., 2015; Bloschl et al., 1991; Winstral et al., 2002; Gruber Schmid and Sardemann, 2003;

Haberkorn et al., 2015). Existing estimations of the threshold angle for snow accumulation range between 45°-80°. This wide
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range is likely due to differences in local climatic and topographic conditions in different study areas (Phillips et al., 2017),
and perhaps also the resolution of the topographic data used in the analysis (Bloschl et al., 1991; Haberkorn et al., 2017). In
this study, we use a site-specific analysis of snow depth distribution from a repeated high-resolution survey of our study site
using drone-based photogrammetry. This information is essential to estimate the snow water equivalent amount at the rock
slope surface. However, estimations of the water equivalent snowmelt are not enough to evaluate infiltration potential since
the actual flux that is available for infiltration is controlled by the hydrological properties of the snowpack and the rock itself.
Snowmelt that percolates to the base of the snowpack can refreeze to form an impermeable basal ice layer at the interface
between the snow cover and the rock surface, when the rock surface is cold enough to dissipate the latent heat of freezing
(Woo and Heron, 1981; Woo et al., 1982; Marsh, 2005) (Supp fig. S1). This ice crust phenomenon was described by Phillips
et al. (2016) in an alpine permafrost-affected rock ridge, where they used borehole temperature (T) data to demonstrate how a
basal ice layer prevents infiltration of spring snowmelt. To differentiate from the total snowmelt, we use the term ‘effective
snowmelt’ referring to excess water that exceed the field capacity of the snow and occur when the base of the snowpack is

permeable and enables infiltration to the rock surface (i.e., when no ice crust exists).

2 Study area

The Aiguille du Midi (AdM) (3842 m a.s.l.; 45.88° N, 6.89° E) is located on the north-west side of the Mont-Blanc massif
(Fig. 1). Its summit consists of three steep peaks (North, Central, and South). The north and west faces tower more than 1000
m above the Glacier des Pélerins and Glacier des Bossons, while the south face is only 250 m high above the Glacier du Géant
(Magnin et al., 2015b). The bedrock is composed of porphyritic granite characterized by a N 40 E fault network intersected
by a secondary network (Leloup et al., 2005). A tourist cable car runs from Chamonix to the AdM peak, where galleries and
an elevator are carved in the rock mass and provide year-round access to an extreme and otherwise inaccessible environment.
The study site used for the main analysis is located in a ~500 m? rock slope on the SE (azimuth angle 150°) face of the central
pillar with an average slope of 55°. The study site is equipped with a borehole for T measurements to a depth of 10 m since
December 2009 fitted with 10 m length Stump thermistor chains, each with 15 nodes (YSI 44031 sensors, accuracy £0.1C).

There are also repetitive high-resolution 3D photogrammetric survey, a time lapse camera and snow depth measurement poles.
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Figure 1: Location map of the study sites and inset map of the Mont-Blanc massif. Top images show the study site on the SE face of
Aiguille du Midi (AdM). Red polygon shows the slope area surveyed for high resolution topography using a drone. The small image
shows the snow accumulation poles and the borehole on the left, and a time lapse camera installed on the SE pillar on the right, with
yellow arrows pointing to their location on the rock slope. Maps provided by the Federal Office of Topography swisstopo.

90 3 Methods

3.1. Snow depth — spatial distribution

To analyze the spatial distribution of snow depth in our study site, we produced two 3D photogrammetric point cloud models
of an area of ~500 m? on the SE slope rock surface: one with minimal snow cover, in October 2021, and another with substantial
snow cover following heavy snowfall in January 2022 (Fig. 2A-B). Based on our knowledge of the site (first fieldwork in

95 2005), we assume that the January 2022 snow cover represents conditions close to maximal accumulation. The point clouds
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were compared by interpolating the elevation data into a 0.1 m cell size digital elevation model (DEM). We calculated local
slope and vertical snow depth for each grid pixel (Fig. 2 C-D). The slope was calculated by fitting a second order polynomial
surface to a window size of 3x3 pixels and deriving the local gradient (Zevenbergen and Thorne, 1987; Evans, 1980). The
main purpose of this analysis was to examine the relation between snow depth and local slope, and also to compare with data
from our time lapse camera (see 3.2) to determine the maximum snow depth. We compared the 0.1 m slope-depth relation
(Fig. 2C-D) with an upscaled 1 m resolution grid (Fig. 2E-F), which is the length scale of our model realizations, and found

the results to be in good agreement.
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Figure 2: Snow accumulation on steep rock walls - Snow depth vs. local slope from comparison of two 3D photogrammetric point
cloud models of an area of 500 m2 on the SE slope rock surface. A) SE face of AdM with minimal snow cover in October 2021. B)
SE face of AdM with substantial snow cover in January 2022. C) Snow depth as a function of local slope of the 0.1 m pixels in a high-
resolution DEM. Red line is the median value of snow depth for bins of specific local slope (bin size=5°) with £25% quantile range
in gray. Blue line is the mean value with a range of + standard error. D) Distribution of local slope values. Vertical axis is probability.
E-F) Same as C-D after resampling the point cloud data to 1 m cell size. Note that snow depth systematically decreases from median
depth of 70 cm at a slope of 40° (and average depth of 80 cm) to <10 cm at 70° slope.
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3.2 Snow depth — temporal distribution

We used time lapse cameras with temporal resolution of several images per day to monitor the height of accumulated snow
using permanent measurement poles installed in our study site in AdM (Fig. 1, 4B). We installed 5 poles in an area of 20 m X
20 m near the borehole on the SE face. We used also data that was collected in the same method in 2012 on the E face, near
the E borehole. Each pole is 1.4 m high and painted with colored scales of 0.2 m. We produced a snow accumulation time
series by visually examining the images with an estimated accuracy of ~5 cm. The snow depth time-series from our field site
were then used to calibrate the model constrains on snow accumulation and loss rates, and determine the maximum snow
depth. In addition, we used available snow depth measurement from in-situ meteorological stations in the Mont-Blanc massif
and its area at the Refuge du Requin (https://www.fondation-eng.org/station-meteo) (2516 m a.s.l.) and Aiguilles Rouges —
Nivose (Météo-France data) (2365 m a.s.l.) (Fig. 1) to compare with the temporal variations in our model results. We assume
that the timing of snowfall and accumulation shows a similar trend at the AdM, although the topography and elevation are
different and likely to affect the maximum depth. For this reason, we normalized the snow depth at Refuge du Requin and

Aiguilles Rouges to the maximum snow depth used in the model run: 80 cm.

3.3. Borehole rock temperature profile

Three boreholes were drilled in 2009 and equipped with T sensors to a depth of ~10 m in 2010 (Magnin et al., 2015b). T
sensors depths in the SE borehole are: 0.3, 0.5, 0.7, 0.9, 1.1, 1.4, 1.7, 2.0, 2.5, 3.0, 4.0, 5.0, 7.0, 9.0, 10.0 [m], and in E borehole
are: 0.14, 0.34, 0.74, 1.04, 1.34, 1.64, 2.14, 2.64, 3.64, 4.64, 6.64, 8.64, 9.64 [m]. The average T in each depth is stored at time

steps of 3 hours. The time vs depth measurements of rock T were used to validate the numerical energy balance model.

3.4. Modeling surface energy balance

3.4.1. Model setup

CryoQGrid is a toolbox for numerical simulations of ground thermal regime and water balance. Its modular structure makes it
suitable for a wide range of terrestrial cryosphere settings and is mainly applied in permafrost environments (Westermann et
al., 2022). Previous studies successfully used former CryoGrid models to simulate processes in steep rock walls and
mountainous regions (Magnin et al., 2017; Myhra et al., 2017; Schmidt et al., 2021; Legay et al., 2021). We used the CryoGrid
community model (version 1.0) toolbox (Westermann et al., 2022) to simulate the 1D ground thermal regime and ice/water
balance, and estimate the availability of surface water and its potential for infiltration in rock fractures. In addition to surface
energy balance, the CryoGrid model is implemented with the state-of-the-art CROCUS snow scheme (Vionnet et al., 2012)
which provides representations of snow cover dynamics, and water drainage. The CROCUS scheme allows for transient

representation of internal snow properties as well as interaction processes with the atmosphere and rock (supp. Fig. S2). To
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model water balance at the rock surface, we consider two potential sources of water for infiltration into rock fractures: rainfall
and snowmelt. Excess water was set to be produced during snowmelt and rainfall in scenarios when snow water content

exceeds its saturated field capacity, if snow cover exists. Snow hydrology is simulated as vertical flow driven by gravity.

3.4.2. Forcing Data

Obtaining reliable and continuous long-term meteorological data from high mountain regions is challenging due to the extreme
conditions that limit accessibility and damage equipment. Thanks to the accessibility of the AdM site, meteorological data is
available from in-situ meteorological stations, including a permanent station of Météo France running since 2007. However,
the available meteorological data sets contain large gaps and are of limited most duration. We thus compared the available
measurements with data obtained from the S2M-SAFRAN meteorological reanalysis tool and found it well fitted for our needs
(supp. Fig. S3). The S2M-SAFRAN dataset combines output from a numerical weather prediction model and in situ
observations, and was originally developed for operational needs to estimate avalanche hazard in mountainous areas (Durand
et al., 1993). The S2M-SAFRAN dataset is available for various mountain areas, at elevation steps of 300 m, and with an
hourly resolution between the years 1958 to 2021 (Vernay et al., 2022). It includes most parameters that are required for
modeling with CryoGrid: Relative humidity, air T, incoming long wavelength radiation, incoming short wavelength solar
radiation, and wind speed. To complete the forcing data we used top of the atmosphere incident solar radiation from ERAS

global reanalysis dataset (Hersbach et al., 2020).

3.4.3. Calibration and validation

Our approach to calibrate the model was to fix most parameters with known physical parameters of the study site from the
literature (Table 1) (Legay et al., 2021; Magnin et al., 2017) and calibrate the model using two parameters that have
predominant impact on snow accumulation: snowfall multiplication factor, and maximum snow depth. The snowfall
multiplication factor is a constant value between 0-1 that sets the fraction of snowfall, provided by the meteorological dataset,
that can accumulate on the surface. For example, a snowfall fraction value of 0.25 means that only 25% of the net snow fall is
accumulated. Maximum snow depth is the maximal depth above which no snow can accumulate once it is reached. The value
of maximum snow depth was obtained by comparing two 3D high resolution models of the study site in snow free conditions
and after heavy snowfall (see sect. 3.1). For calibration, we used two model outputs that impact snowmelt and that we have
field data to compare them with: snow depth and near surface T. We made model runs while iterating over a range of snowfall
fraction values and maximum snow depth, and looked for the optimized R*> and RMSE values of the correlation between
observed and modeled near surface T (Fig. 3B). Following the calibration procedure, we validated the model by modeling the
T at the E face of AdM using the calibrated model parameters from these faces. The location of the E face borehole shares

many characteristics with the SE face borehole (i.e. elevation, slope, rock type, meteorology). We compared the near-surface
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170 T measured at the E face with the modeled one (Fig. 3C). A north facing borehole also exist at AdM but its location in a

vertical wall, above a ledge that locally accumulates snow, makes it impractical for our model settings.

Table 1: Model parameters

Parameter Value Units Source Remarks
volumetric heat capacity mineral 2x10° J/m3’K 1

thermal conductivity 3.3x10°7 W/K 1

sky view factor 0.63 Calculated using QGIS

snow fraction 0.25 Calibrated

heat flux at lower boundary -0.25 W/m? 2

surface albedo 0.16 2

surface emissivity 0.92 3

roughness length 0.01 m 2

maximum snow depth 0.8 m Field measurement For slope angle 45°

'Legay et al. (2021)
2Magnin et al. (2017)
3Mineo and Pappalardo (2021)
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Figure 3: Comparison of near surface T data from model and borehole measurements - A) Comparison of modeled near-surface T

175 (orange) at depth 0.3 m, with borehole measurement from the SE face study site (blue). B) Modeled near surface temperature
(depth=0.3 m) as a function of borehole temperature, SE face, after calibration of snow fraction factor (0.25) and maximum snow
depth (0.8 m). C) Validating the modeled near surface T at depth 0.14 m, with near-surface T data from a second borehole on the
E face of AdM.
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3.5. Effective snowmelt

Snow density is commonly used as a proxy for snow permeability (Marsh, 2005). We defined a threshold density value at the
base of the snowpack for which no infiltration occurs and an ice crust develops (i.e., hydraulic conductivity = 0). Based on an
empirical relation suggested by Sommerfeld and Rocchio (1993), we define a threshold density value of 0.4 g/cm® which
corresponds to a permeability value in range of 107'° m? range. In comparison, the average dry snow density in our simulation
is 0.24 g/cm?® with a standard deviation of 0.08 g/cm®. We thus define effective snowmelt as the volume of water that exceeds
the snow pores field capacity during model time steps at which the dry snow density at the base of the snowpack, at the rock-
snow contact, is no greater than 0.4 g/cm’. The CryoGrid model accounts for the inputs of rainfall to the snowpack water
balance. To estimate the total potential of water availability for infiltration, we combine the effective snowmelt with the amount

of rainfall that falls during partial or no snow cover.

4 Results

4.1. Calibrated model of the SE face of AdM

The optimization process for maximal snow depth and snow multiplication factor in the SE study site resulted in values of 0.8
m and 0.25 respectively. The optimized maximum snow depth value that we found corresponds to what we observed in our
snow depth time series from the time lapse camera (see 3.2) and high-resolution snow depth survey (see 3.1). We found that
the model results with the S2M-SAFRAN forcing dataset provide satisfying results when comparing the temporal variation of
snow accumulation with field measurement from nearby sites at Aiguilles Rouges (R?>=0.52) and Refuge du Requin (R?>=0.49)
(Fig. 4A). Modeled rock surface T shows good correlation with borehole data from the SE face of AdM (R?>=0.73) (Fig. 3B).
The validation of the model by simulating an E facing slope and comparing with a second borehole located there confirmed

that the model is flexible for use within the AdM region and is not single site specific (R>=0.88) (Fig. 3C).
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Figure 4: Comparison of modeled snow accumulation with field measurements - A) Comparison of modeled snow depth (black line
+ light blue area) with snow depth measurement in proximal stations (see Fig. 1 for locations) in the Mont-Blanc massif and its
area: Aiguilles Rouges (blue) and Refuge du Requin (orange). Measurements were normalized to 0-0.8 m depth range for
comparison. B) Snow depth pole installed on the SE facing rock slope to monitor snow depth time series with a time lapse camera.
C) Comparing modeled snow depth, under different snow fraction values used in calibration, with measurements made in-situ
using snow poles and time lapse camera. Note the optimum results with snow fraction value of 0.25 (25% accumulation).

4.2, Snow accumulation on steep rock walls

In the calibration process, we found that only about 25% of the snowfall accumulates on the steep rock slopes of our study site
on the SE face of AdM. The remaining 75% are likely redistributed by wind and gravity through avalanche and spindrift (e.g.
Hood and Hayashi, 2010). We found that, for the E face, a snow fraction value of 10% improves the model results, suggesting
that conditions are more prone to redistribution of the snowfall. This could be related to the fact the E face is on average 10°
steeper than the SE face (average 55° vs. 65°).

Topographic analysis of the 10-cm-resolution survey of our field site shows a heterogenous surface with local slope ranging

between 20°-90° and a bimodal distribution with two well defined modes at 43° and 80° (Fig. 2D) which illustrate the typical
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steep step-like morphology of the SE rock slope. We resampled the topographic data to 1-m-resolution which is the realization
dimension of our numerical model. We found that snow depth systematically decreases from median depth of 70 cm at a slope
of 40° (and average depth of 80 cm) to <10 cm at 70° slope. We thus use the value of 80 cm as the maximum value of snow
depth in our simulations. At lower slopes, between 25°- 40° snow depth measurements counter intuitively show a positive
correlation. Wirz et al. (2011) reported a similar trend in low slope angles and suggested that it is related to the relatively small
area represented. In our case, cells with slope <40° cover ~22% of the surface and cells with slope <30° cover ~ only 6%.
Many of the cells with slope <40° are located at a step edge where the snow pack is not supported down slope and accumulation

is relatively thin.

4.3. Snowmelt and water availability for infiltration

Figure 5 shows the SE face model results for annual amounts of total snowmelt, effective snowmelt (when the rock surface is
penetrable and no ice crust exists at the snowpack bottom), direct rainfall (that falls during times of no or partial snow cover),
and sublimation in the SE face of AdM. Most of the annual water mass loss from the snowpack is the result of sublimation
(Fig. 5A), especially since sublimation is the only process of snowpack mass loss from November to April at our study site
(Fig. 6). Average annual amount of net snowmelt is 0.13 m with a variability that ranges over a factor of six between 0.05-
0.28 m, and is directly related to the annual amount of snow accumulation — years with relatively heavy snowfall will get more
total snowmelt (Fig. 5B). The annual effective snowmelt ranges between low values of 0.014 m (during the years 1968, 1990,
1992) and highest values of 0.11-0.12 m (during the years 1973, 1975, 1996, 2014). The fraction of effective snowmelt from
the total annual excess water (effective snowmelt + runoff + direct rainfall) varies widely from 7 to 90% (during years 1968

and 1975 respectively).

11


Reviewer
Highlight
Discussion section.


https://doi.org/10.5194/esurf-2022-58 Earth Surface
Preprint. Discussion started: 16 November 2022 Dynamics
(© Author(s) 2022. CC BY 4.0 License.

Discussions
(GMOom

Eﬁeciwe snowmelt {no ice crust)
I Direct rain without snow cover
[0 Net snowmelt

@G’ S A \zéo,'é’d".\é R RS SO S AT AR o;"gjq";’@ q‘g’d{"?\@é’a?’l@&q&\z@q@g‘? R c??’n@ S @mm&@h@b s@@,&ﬁ@p o "',\9%"?’19":5:’(;\?@«@ - @"‘9&7

e
@

Annual exces water [m]
o
s

year

[ Direct rain without snow cover

0.2}

0.3} I Erective snowmelt (no ice crust)
[ Net snowmelt
0.1}
N iiii‘ Ei ii ii I"li iiill Ei
A wlll TRk
EAD O

'z"’qc-f&’ EXIEAL q“,g AR @‘i-ﬁc?‘i@%@q% S @q q@a"s\q@ q@q@ GRS @‘3’ @p%%ﬁ@i@@%@%ﬁ%ﬁ@%%{pﬁ&%%’%%{%¢

=
3

Annual exces water [m]

year

235 Figure 5: Annual water fluxes in the SE face study site between 1959-2020 - Model results of annual effective snowmelt (blue), direct
rain (red), total snowmelt (yellow) and sublimation (purple) in the SE face study site at 3800 m a.s.l. A) Water balance including

sublimation. B) Total and effective snowmelt and direct rainfall. Note the high variability in annual water availability for infiltration
(effective snowmelt + direct rain), and the high rate of sublimation (bottom image).

On average, in our study site on the SE face, 95% of the snowmelt occur from May to September; however, the effective
240 snowmelt is delayed to the summer months (June to September) when on average 95% of the effective snowmelt occurs (Fig.
6). In most years, effective snowmelt begins in June or July. Few exceptional years show considerable effective snowmelt
values in May (1974, 1992, 1996, 2017) and some show first effective snowmelt only in August (1980 and 1997). In all years,

>90% of the effective snow is produced by the end of September.
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245  Figure 6: Average modeled monthly water fluxes for the period 1959-2020.

The flexibility of the model setup enables the simulation of opposite north and south facing rock slopes to test the effect of
topographic aspect on runoff regime. Model results show that both north and south facing rock slopes experience complete
melting of snow cover by late summer which is in agreement with field observations. Similar volumes of total runoff are
produced, with negligible differences due to different sublimation rates. Interestingly, the annual effective snowmelt on south
250 facing rock slopes is 48% greater on average than on north facing slopes (Fig. 7). The reason for this is twofold: first, while
the duration of effective snowmelt on south facing rock-slopes ranges from May to October, the effective snowmelt on the
north face is limited to June to September (fig. 7). This is related to the limited duration of the positive rock surface T on the

north aspect (Fig. 7) and the longer persistence of ice crust at the base of the snowpack.
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Figure 7: North vs. South comparison - A) Comparison of average monthly distribution of water fluxes in north and south facing
rock slopes at an elevation of 3900 m a.s.l. Note that the annual effective snowmelt on south facing rock slopes is 48% greater on
average than on north facing slopes, while the duration of effective snowmelt on south facing rock-slopes range from May to October,
the effective snowmelt on the north face is limited to June to September. B) Average surface T in north and south facing rock slopes
at an elevation of 3900 m a.s.l. Blue area shows the standard deviation of monthly surface T.

4.4. Modeling elevation change

The S2M-SAFRAN dataset for the Mont-Blanc massif is available at elevation steps of 300 m. We compared our model
simulation results for the AdM SE face with the same settings at elevations of 2700, 3000, 3300, 3600, 3900, 4200, 4500, and
4800 m a.s.l. These simulations give a better understanding of the thermal dynamics along the entire permafrost affected
mountain flank and the changes in effective snowmelt and water availability for infiltration. To broaden the analysis, we also
modeled the effect of elevation change on a north facing slope. Our results show that for south facing rock slopes, snowmelt
is the main source of water for infiltration in elevations above 3600 m a.s.l. From 3600 m to 2700 m, direct input of rainfall
and total snowmelt volumes increase rapidly, while the effective snowmelt increase at a more gradual rate (Fig. 8). At these
lower elevations, where direct rainfall is dominant, effective snowmelt input precedes rainfall by ~1 month on average (Fig.
8A). Above 3300 m, sublimation is the dominant process of snow mass loss. The availability of water for infiltration, either

by snowmelt or direct rainfall, occurs sooner at lower elevations. Above 3600 m, water is available for infiltration in June and
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as early as April at elevation of 2700 — 3000 m. A comparison with the same elevations on a north face (Fig. 9) shows that at
elevations <3000 m, fluxes are similar on both aspects. At higher elevations, the ratio of water availability between north to

south increases while the water fluxes magnitudes decrease.
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Figure 8: Comparison of average monthly distribution of water fluxes at elevations ranging from 4800 to 2700 m as.l. - A)
Comparison of average monthly distribution of water fluxes, at elevations of 4800, 4500, 4200, 3900, 3600, 3300, 3000 and 2700 m
a.s.l. on SE facing rock slope. TSM: total snowmelt; ESM: effective snowmelt; DRN: direct rainfall; SBL: sublimation. B) Average
annual fluxes in each of the modeled elevations between 4800-2700 m a.s.l. on SE facing rock slopes. Note the rapid increase in water
availability from rainfall input below 3900 m.
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5 Discussion

5.1. Snow depth

Our results show a robust inverse relation between slope angle and snow accumulation depth, which is in agreement with
results of previous studies (Sommer et al., 2015; Bloschl et al., 1991; Winstral et al., 2002; Gruber Schmid and Sardemann,
2003; Haberkorn et al., 2015). We acknowledge the observed variance in snow accumulation depth for a given slope (Fig. 2).
This variance is interesting by itself since it might point to additional environmental factors that control snow accumulation
(Wirz et al., 2011; Lehning et al., 2011), most likely local micro-topographic and micro-climatic factors. For example, micro-
topography of the rock surface can influence local wind dynamics and snow redistribution (Winstral et al., 2002). The rock
slope roughness can affect friction with the snowpack surface and support its stability. Local shading can affect the thermal
regime and mechanical characteristics of the snowpack (Vionnet et al., 2012). Further research using higher temporal and
spatial resolution is needed to decipher the influence of slope characteristics other than slope angle on snow accumulation in

steep slopes.

5.2 Model applications and flexibility of the S2M-SAFRAN dataset

On-site meteorological measurements in high mountain environments are difficult to setup and maintain and data is often
discontinuous and limited. Remote sensing data from satellites and global climate models can be used to produce local climatic
time series, however their spatial resolution is insufficient for rock slope scale processes. We show that the use of the S2M-
SAFRAN meteorological dataset can overcome some of these limitations, especially in locations where an in-situ
meteorological stations is available nearby to improve its accuracy. Once calibrated, the CryoGrid model can benefit from the
resolution of the S2M-SAFRAN data that is divided into elevation steps of 300 m. The S2M-SAFRAN data is available for
other mountain ranges in the Alps, Pyrenees (e.g. Lopez-Moreno et al., 2020) and Corsica and our approach could be extended
if enough field data is available for validation (i.e., surface T and/or snow depth).

The CryoGrid community model is a useful tool for studying near surface thermal and hydrological processes in steep
mountainous landscape. However, although the model allows considerations of lateral drainage it is spatially limited to one-
dimensional configuration and over simplify 3D subsurface thermal and hydrological processes. 3D hydrogeological models
that can account for lateral flow, heat advection and various saturation levels do exist. However, these models, in addition to
often being closed sourced and costly, rarely include modules for simulating the complex processes in the snowpack and the
interactions with meteorological and topographical conditions. We thus suggest that a complete model of the thermal and
hydrological processes in mountainous periglacial and/or permafrost-affected landscapes can benefit from a coupling of the
output of an energy balance + snow hydrology model, such as CryoGrid, with a 3D hydrogeological model of mass and heat

transfer.
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5.3. Potential snowmelt and water balance

Our results fill a major knowledge gap in the field of steep mountain slopes with permafrost related to the availability of water
for infiltration. We demonstrate some of the known complexity of the environmental controls on water availability in high
elevation steep rock slopes, such as the formation of an ice crust layer that can profoundly lower the local rock surface
infiltration capacity (Woo and Heron, 1981; Woo et al., 1982; Marsh, 2005; Phillips et al., 2016). We found sublimation to be
the most dominant process of snowpack mass loss. Accurate modeling of sublimation in steep - high alpine terrain is highly
complex and field measurements are rare, however, previous studies pointed out the importance of sublimation in the alpine
snowpack mass balance (Strasser et al., 2008; MacDonald et al., 2010). We found sublimation rate to be sensitive to surface
roughness length — a parameter that describes the efficiency of energy transfer (i.e. latent heat of sublimation) between the air
and the snowpack surface. We tested the sensitivity of sublimation rates to a wide range of roughness length (Table 1) values
(1x10* - 2x102 m) and found that and although sublimation changed significantly it remained the most dominant flux of snow
mass loss. We show that effective snowmelt is the main source of water availability to the rock surface in steep high elevated
rock slopes and that at intermediate elevations, i.e. 3600-3900 m a.s.l in our case study, a transition occurs from snowmelt-
dominated to rainfall-dominated water availability (Fig. 8). A high rockfall frequency in such a permafrost-affected site was
recently demonstrated by Mourey et al. (2022) in the Mont-Blanc massif. We compared the influence of elevation on water
balance in N and S facing hillslopes (Fig. 9A) and found that differences are more prominent at higher elevations — as S facing
rock slopes receive more water input in compare with N facing (Fig. 9B). This results from the interplay of snow cover
dynamics which in turn influence snowmelt and rock surface exposure to direct rain, in addition to differences in ice crust
formation. Considering the connectivity in the slope length scale, some of the surface runoff that is generated from snowmelt
at high elevation in spring and early summer, due to sealing of the rock surface with an ice crust, may reach a lower elevation
where the rock is not sealed and amplify the observed increase in water contribution at the transition elevation.

In this contribution, we focus on the availability of water for infiltration at the rock surface; however, the actual infiltration
rate depends on the infiltration capacity of the rock. Any water fluxes that exceed the infiltration capacity will not infiltrate
and flow as runoff. Maréchal et al. (1999) estimated the hydraulic conductivity of the crystalline rock that composes the AdM
to 10-® m/s. Since the hydraulic conductivity of the granitic rock is much lower (Bear, 1988), the actual value is controlled by
the fractures in the rock — their density, aperture and connectivity. Utilizing an empirical equation suggested by Kiraly (1969,
1994) which accounts for fracture density and aperture, and using conservative values of fracture density of 2 m™! and fracture
aperture of 0.5 mm, we get a value that is two orders of magnitude higher (6x10 m/s) than that of Maréchal et al. (1999).
Looking at our results, if we convert our model results of effective snowmelt to the common units for hydraulic conductivity
of m/s we find that 95% of the effective snowmelt occur at rates that fall between these estimations (1010 - 6x10° m/s),
thus making infiltration capacity (or hydraulic conductivity) an important parameter for estimation of infiltration in steep

fractured rock wall.
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Figure 9: North vs. South comparison of average monthly distribution of water fluxes at elevations of 2700 — 4800 m a.s.l. — Top:
Comparison of average annual water fluxes, at elevations of 4800, 4500, 4200, 3900, 3600, 3300, 3000 and 2700 m a.s.l. on north (left)
and south (right) facing rock slopes. Bottom: The ratio between north to south of each component of the water fluxes described
above, in each of the modeled elevation. A value of 1 represents equal flux on both aspects, and values decreasing toward 0 represent
larger ratio between S to N face (for example, a value of 0.5 corresponds to x2 higher flux on the S face). The bottom right image
shows the flux of net water availability at the rock surface, that is available for infiltration (effective snowmelt + direct rain). Note
that at elevations <3000 m a.s.] fluxes are similar on both aspects and the ratio decreases at higher elevations but the water fluxes
magnitudes decrease.

5.4. Implications of results

The new information we present on the timing and quantity of water input at the rock surface can be used to improve the
understanding of thermal, hydrogeological and mechanical processes in steep mountain rock slopes, such as water pressure
(Matsuoka, 2019; D’ Amato et al., 2016) and permafrost degradation that was previously shown to be linked with a decrease
in the mechanical stability of steep rock slopes and initiation failure and rock fall occurrence (Gruber et al., 2004; Gruber and
Haeberli, 2007; Ravanel and Deline, 2015).

Our model setup using the CryoGrid community model can be applied in other steep alpine rock slopes to assess water
availability and risk assessments from thawing related rock failure.

We hypothesize that rock slopes at elevations of 3600-3900 m a.s.1., where we observe a sharp transition in water availability
(Fig. 8), are especially sensitive to climate change. Our simulations show that water availability increases rapidly below these
elevations due to high rates of direct rainfall. In a scenario that air temperatures and the intensity of summer rains increases

due to climate change (Pepin et al., 2022; Pepin, N. et al., 2015; Biskaborn et al., 2019), and the observed nonlinear trend of
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water input is ‘shifted” upwards to higher elevations, we expect that higher elevation permafrost-affected slopes will experience
an abrupt increase in water input from rainfall which could prompt permafrost degradation and mechanical destabilization.
This effect will be more prominent at the transition elevations that will change from snowmelt- to rainfall-dominated input,
and less in higher elevations that will remain snowmelt-dominated. Field observations support this hypothesis: topographic
analysis of data from 209 rockfalls in the Mont-Blanc massif between 2007 and 2015 (Legay et al., 2021) show that rockfalls
on S, E and W facing rock walls occur mostly at elevation of 3300-3600 m, and at elevation of 3000-3300 m a.s.l on N facing
rock walls (Fig. 10), suggesting that elevation dependent climate change (Pepin et al., 2022; Pepin, N. et al., 2015) is
responsible for the observed peak in rockfalls occurrence at the water availability transition elevation. During the 2003 and
2015 summer heatwaves in the Mont-Blanc massif, Ravanel et al. (2017) showed that numerous rock falls were initiated at
average elevations of 3300 m a.s.]l and 3600 m a.s.1 on north and south faces respectfully, and that hydrostatic pressure related
to thaw or extreme rain, and advective heat transport at depth by water percolation along discontinuities are likely rockfall
triggering factors. The lower elevation of the maximum rockfall occurrence on the north face could be related to the influence
of the lower snowline and related processes which are not accounted in the simplified aspect conversion of our model. 3600
m a.s.l. was also reported as the lower boundary of continuous stable occurrence of permafrost in the Mont-Blanc massif
(Magnin et al., 2015a). Below 3600 m rockwall permafrost was shown to occur locally from an elevation of 1900 m a.s.l with
strong dependency on local structural settings and aspect (Magnin et al., 2015a). In addition, our results could be used in
parameterization and forcing data in further modeling of subsurface hydrogeological processes and larger spatial scale analysis,
and to study watershed hydrology in high mountain environments and the role of heat advection by water infiltration through

rock fractures.
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Figure 10: Topographic analysis of rockfalls documented by Legay et al. (2021) in the Mont-Blanc massif between 2007 and 2015.
Rock falls are most common at elevations of 3300-3600 m a.s.l. This trend is consistent for S, E and W facing slopes. On N facing
slopes, highest occurrence is at the elevation range of 3000-3300 m.

6 Conclusions

The importance of water in driving surface processes in steep periglacial landscapes is recognized by numerous studies.

However, the complexity of the physical processes related to snow hydrology and challenges in data acquisition in these
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extreme environments result in a major knowledge gap in the availability of water at the slope surface. Using field measurement

and numerical modeling, we simulated the energy balance and hydrological fluxes in a steep high-elevated permafrost-affected

rock slope at Aiguille du Midi, in the Mont-Blanc massif. Our results provide new information about water balance at the

surface of steep rock slopes. This includes the quantity and temporal distribution of the effective snowmelt that is available for

infiltration in addition to input from rainfall and mass losses by sublimation and runoff. Our results provide essential

information to risk assessments of rock falls and rock avalanches that are often triggered by water flow in fractures. We

highlight the following conclusions:

The combined application of the S2M-SAFRAN dataset with the CryoGrid community model that we present here is
a powerful tool to study cryogenic and hydrologic processes in high alpine landscapes. Such capabilities are presented
in this study in the comparison of various aspects, slope angles and elevations.

We estimate that in our study site, in a steep rock slope on the SE face of AdM, only ~25% of the snowfall
accumulates. The remaining ~75% is redistributed by wind and gravity. We also found that snow accumulation
thickness is inversely correlated with surface slopes between 40° to 70°.

Snowmelt occurs between late spring and late summer, and most of it does not reach the rock surface due to a
formation of an impermeable ice layer at the base of the snowpack. The annual effective snowmelt that is available
for infiltration is highly variable and ranges over a factor of six, between 0.05 and 0.28 m during the period 1959-
2021. The timing of the first effective snowmelt in the year ranges between May-August, and effective snowmelt
ends before October; it precedes the first rainfall input by one month on average.

Sublimation is the main process of snowpack mass loss in our study site.

Results of model simulations at varying elevations show that effective snowmelt is the main source of potential water
for infiltration at elevation >3600 m a.s.l. Below 3600 m, direct rainfall is becoming more dominant. The change
from snowmelt-dominated to rainfall-dominated water availability is nonlinear and characterized by a rapid increase
in water availability for infiltration. We suggest that this transition elevation is highly sensitive to climate change, as

permafrost-affected slopes experience an abrupt increase in water input that can initiate rock failure.
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